Background
==========

It remains a major undertaking in the post-genome era to determine which biomolecules interact with each other, what function they have and to obtain their three dimensional high resolution structures. The main methods for achieving the latter are crystallography and nuclear magnetic resonance (NMR) spectroscopy, both of which can be time-consuming despite significant methodological advances. In addition, many targets elude high-resolution structural studies due to low solubility, low stability, large size or lack of crystal formation. Also, there is a rather limited number of structures of complexes compared to single proteins or domains thereof. There is thus a need for complementary methods that can give structural information on complexes since these are usually of higher interest from a biological point of view than single entities.

An alternative strategy to obtain structural information about biological macromolecular complexes is mass spectrometry. Here, the advantage is that sample requirements are low and the size limit is expandable to MDa complexes. Hydrogen exchange experiments coupled with mass spectrometry can yield very detailed information of protein folding and protein interactions, as reviewed in \[[@B1]\]. Recently, new methods used on large biological macromolecular complexes using ion mobility-mass spectrometry have been introduced, where gaseous ions are separated based on their size and shape \[[@B2],[@B3]\]. Also, chemical cross-linking in combination with mass spectrometry can reveal structural insight into proteins and their interactions \[[@B4]-[@B8]\], while the employment of radical probe mass spectrometry (RP-MS, \[[@B9]\]) evaluated by PROXIMO can yield structural models of protein complexes \[[@B10]\]. These methods are, however, very sophisticated, requiring expensive state-of-the-art equipment and expert knowledge. In addition, time-consuming optimizations are often required, e.g. to find the right cross-linkers and conditions.

In contrast, limited proteolysis in conjunction with mass spectrometry (LP/MS) needs only a routine mass spectrometer and performing the experiments is straight-forward and fast. The resulting data can provide rather detailed information about protein interactions, stability and tertiary structure \[[@B11]-[@B17]\]. However, until recently, the extraction of this information was difficult due to the amount of data to be evaluated. MTMDAT, introduced in 2008 \[[@B18]\], is a tool for data processing, peak assignment, and visualization of mass spectrometry measurements, which greatly reduces the rate-limiting step of data evaluation and thereby enhances structural characterization of larger proteins and biomolecular complexes.

Here, we describe a novel implementation of MTMDAT, which streamlines the process from experimental work to an actual structural model of the complex. A new MTMDAT routine directly determines which residues are likely to be involved in a previously identified protein-protein interaction by comparing the mass spectra of bound and unbound proteins after proteolysis. In addition, a new pipeline between MTMDAT and HADDOCK \[[@B19]-[@B21]\] has been developed (see Additional file [1](#S1){ref-type="supplementary-material"}). HADDOCK is a docking method driven by (experimental) knowledge from a wide range of sources, e.g. mutagenesis, cross-linking or a variety of NMR experiments. Data-driven docking has the advantage that possible solutions are restricted a priori to be in agreement with experimental information. In HADDOCK, this is typically achieved through the definition of active and passive residues. Active residues correspond to interface residues identified by experiment, and passive residues are surrounding residues on the protein surface. HADDOCK enforces that every active residue is in contact with at least one active or passive residue on a partner molecule. When experimental information is sparse or absent, bioinformatic interface predictions can also be used \[[@B22],[@B23]\]. HADDOCK allows for conformational change of the molecules during complex formation, and directly supports the docking of NMR structures containing multiple models. The coordinates of more than 90 biomolecular complexes solved using HADDOCK have been deposited in the PDB. The MTMDAT-HADDOCK pipeline allows the direct calculation of a three-dimensional model of the protein complex based on the interface residues identified by MTMDAT, provided that structure coordinates of the unbound components are available. This implementation, together with improvements in MTMDAT that increase its usability, enables direct high-throughput modeling of protein complexes from mass spectrometry data.

To demonstrate that the quality of the protein complex structures obtained from limited proteolysis/mass spectrometry data can be competitive compared to structures generated with more classical restraints from chemical shift perturbations (CSP) acquired by NMR, we studied the complex of the proteasome subunit Rpn13 with ubiquitin. Rpn13 is one of two known ubiquitin receptors in the proteasome \[[@B24],[@B25]\] to which it docks via Rpn2/S1 \[[@B26]-[@B29]\]. In higher eukaryotes, it has an additional domain that contributes deubiquitinating enzyme Uch37 to the proteasome \[[@B26],[@B27],[@B30]\]. The structure of the Rpn13-ubiquitin complex has been solved by NMR spectroscopy using chemical shift perturbations upon complex formation and twelve unambiguous intermolecular NOEs (\[PDB:2Z59\]) \[[@B25]\]. In this study, this structure is used as control for validation of the MTMDAT-HADDOCK protocol.

Taken together, we present here an alternative approach that is quick and easy for obtaining restraints for data-driven docking. The results obtained by the presented LP/MS method are thus compared with data-driven docking using CSP alone as a method to obtain restraints for structure calculation and with purely bioinformatics driven docking using CPORT for interface predictions \[[@B31]\]. The resulting structure is comparable to that obtained by CSP experiments, and more accurate than CPORT bioinformatics interface predictions. The ease of performance, the gain in experiment time and the rapid and expert-free evaluation holds promise for LP/MS to contribute to the field of structural genomics.

Results
=======

The MTMDAT-HADDOCK workflow for obtaining the structure of the Rpn13-ubiquitin is described in the methods. In short, after performing the actual experimental work and acquiring the mass spectra, MTMDAT was used to get time-course plots and 3D plots (.csgnu files). This is described in the Methods section and in \[[@B18]\]. Rpn13 was readily digested and interaction restraints to ubiquitin could be derived from the cleavage pattern. For deriving ambiguous interaction restraints (AIRs) from these files, a threshold of 20% was used for Rpn13, meaning that the relative cleavage propensity of a given residue in the complex must be at least 20% smaller than for Rpn13 in the absence of ubiquitin. This high threshold was chosen to decrease the risk of false positives. Residues fulfilling this condition were chosen to be active residues for HADDOCK calculations. In contrast, ubiquitin had no susceptibility to proteases. For this reason, in the current study, the MTMDAT-derived active residues on Rpn13 were complemented by CPORT predictions providing passive residues on ubiquitin. Therefore, Rpn13-ubiquitin is also a test case for the ability of MTMDAT-HADDOCK to deal with missing LP/MS data, complementing them with predictions or data from other sources. For Rpn13, passive residues were chosen as described (close in space to active residues and with at least 50% solvent accessibility) and were automatically chosen by HADDOCK for all docking runs.

In Figure [1](#F1){ref-type="fig"}, the active residues in protein-protein interaction identified by LP, CSP, and CPORT are mapped onto the published solution structure of the Rpn13-ubiquitin complex \[PDB:2Z59\], and Table [1](#T1){ref-type="table"} summarizes the active and passive residues that were used in all docking runs. Clearly, the limited proteolysis experiment produces two distinct patches (Figure [1A](#F1){ref-type="fig"}). The largest patch consists of four residues (D53, D54, D79, K99) that are indeed part of the interaction interface observed in \[PDB:2Z59\]. The other patch consists of three residues D41, K42, and E70, which are located on the opposite side. The program PATCHUP (see Additional file [1](#S1){ref-type="supplementary-material"}) has been developed and included in the pipeline, which automatically generates patches in an unbiased way (see Methods for further explanations). Chemical shift perturbations from NMR titration experiments \[[@B25]\] also give false positives. The amide resonance of R104 exhibits perturbations (Figure [1B](#F1){ref-type="fig"}), despite having no interactions with ubiquitin in \[PDB:2Z59\]. The generation of false positives is inherent to the LP/MS and CSP methods, due to possible conformational changes in regions further away from the binding interface upon complex formation, which result in chemical shift perturbations measured by NMR spectroscopy and could manifest in a higher accessibility to proteases assessed by the LP/MS method. Still, CPORT gives the largest number of false positives, predicting interacting residues on almost the entire surface of both proteins (Figure [1C](#F1){ref-type="fig"}).

![**Mapping of ambiguous interaction restraints.** Ubiquitin is coloured in blue and Rpn13 in red. Active residues are labeled and their sidechains are shown. Active residues for ubiquitin are colored in green and for Rpn13 in yellow. **(A)** Mapping of predicted ambiguous interaction restraints by limited proteolysis/mass spectrometry (ubiquitin interface residues are predicted from CPORT interface predictions). Residues in patch 1 are colored in light blue (D41, K42, E70), residues in patch 2 are colored in yellow (D53, D54, D79, K99). **(B)** Mapping of interface residues identified by NMR chemical shift perturbations, and **(C)** mapping of predicted interface residues by CPORT. This figure was generated with PyMOL \[[@B32]\].](1472-6807-12-29-1){#F1}

###### 

Active and passive AIRs chosen for the docking experiments

  **Active and passive AIRs**                                     
  -------------------------------- ------------------------------ -----------------------------
  Baseline (BL)                                                    
  **Rpn13**                        S55, L56, L73, I74,            auto
                                   F76, P77, D78, D79,             
                                   K99, A100, G101                 
  **ubiquitin**                    K6, L8, I44, F45,              auto
                                   A46, G47, K48, Q49,             
                                   H68, V70, R72                   
  LP/MS filter (Ubiquitin CPORT)                                   
  **Rpn13**                        D41, K42, D53, D54,            auto
                                   E70, D79, E81, K99              
  **ubiquitin**                    \-                             F4, K6-K11, P19, Q31,
                                                                  E34-Q40, R42, I44-Q49, R54,
                                                                  T55, S57-N60, Q62-T66, H68,
                                                                  V70, L71-G76
  LP/MS (Ubiquitin CPORT)                                          
  **Rpn13**                        D53, D54, S55, D78,            auto
                                   D79, F98, K99                   
  **ubiquitin**                    \-                             F4, K6-K11, P19, Q31,
                                                                  E34-Q40, R42, I44-Q49, R54,
                                                                  T55, S57-N60, Q62-T66, H68,
                                                                  V70, L71-G76
  chemical shift perturbations                                     
  **Rpn13**                        S55, F76, D78, K99,            auto
                                   G101, R104                      
  **ubiquitin**                    L8, F45, A46, G47,             auto
                                   K48, Q49, H68, V70              
  CPORT                                                            
  **Rpn13**                        Y22-E25, R27, M31,             auto
                                   T36-P40, Q50-L56, H58,          
                                   V69, D71-I74,                   
                                   F76, P77, D79, V85, C88-S90,    
                                   V93, V95, K103, L105, F106,     
                                   W108, E126, C127, N129, N130    
  **ubiquitin**                    F4, K6-K11, P19, Q31,          auto
                                   E34-Q40, R42, I44-Q49, R54,     
                                   T55, S57-N60, Q62-T66, H68,     
                                   V70, L71-G76                    

In order to accommodate the presence of false positives and to choose the correct interaction surface in an unbiased way, a general docking calculation protocol has been developed. This protocol consists of two runs. The first run acts as a filter to choose the right patch if more than one is present. To this end, a random exclusion of 50% of AIRs for each structure calculation is performed. Since this increases the sampling space, a higher number of structures has to be calculated in each iteration (see Methods). In the case presented here, this filter was able to distinguish between false and true positives (Table [2](#T2){ref-type="table"}). Here, the largest clusters, which also have the best HADDOCK scores have the correct patch 2 (yellow on Figure [1A](#F1){ref-type="fig"}) as the interface, as do clusters 5-8. Only cluster 3 and 4 have the wrong patch 1 (blue on Figure [1A](#F1){ref-type="fig"}) as the interface. Thus, it was possible to filter out the false positive (patch 1). However, there may be cases, where cluster size and HADDOCK score differ in ranking. In this case, the HADDOCK score is always prioritized. Subsequently, a second and final docking run was performed using only active residues from patch 2. For this second run two important changes have to be made. Residues whose side chains are surface exposed and are in immediate vicinity to active residues identified by limited proteolysis will also be included as active residues (S55, D78, and F98). This assumption is made since the limited proteolysis method can only sample a limited number of amino acids, which are cleaved by the proteases chosen. Therefore, surface neighbors of experimentally-identified residues, which would usually be defined as passive, are now also considered as active in the second run. Thirdly, no restraints are randomly excluded from the structure calculations. This exclusion is no longer necessary since the right patch should have been identified in the first filter docking run.

###### 

Statistics of the LP/MS filter docking run

  **Docking statistics of the filter run**                           
  ------------------------------------------ ------- ------- ------- --------
  1                                          14.90   2.58    -80.0   44 (2)
  2                                          11.39   3.47    -73.6   51 (1)
  3                                          4.54    18.63   -73.4   24 (3)
  4                                          7.45    15.01   -60.9   5 (8)
  5                                          13.52   4.35    -60.5   6 (7)
  6                                          23.12   3.57    -56.8   15 (5)
  7                                          15.26   4.18    -50.4   15 (4)
  8                                          19.99   4.08    -49.4   4 (9)
  9                                          8.52    6.07    -46.5   9 (6)

^a^: Ranked by HADDOCK score.

^b^: The average distance of all residues in the interface of the docked model towards the center of the interface of the reference structure.

^c^: The average HADDOCK score of the four lowest energy structures in the cluster.

^d^: In parentheses the rank concerning the number of structure is shown.

The comparison between the three docking calculations, LP/MS, CSP, and CPORT are shown in Table [3](#T3){ref-type="table"}. The performance of our MTMDAT-HADDOCK protocol was assessed as follows (in decreasing importance): i) low average RMSD values for the superimposition of the 10 lowest energy structures of the cluster with the best HADDOCK score onto \[PDB:2Z59\] (here, assessment according to CAPRI was used, where a model is assessed to be acceptable, if the iRMSD is below 4 Å, the lRMSD below 10 Å, and the fraction of native contacts (fnat) larger than 0.1 \[[@B33]\], ii) HADDOCK score of the four lowest energy structures (at the interface) in the cluster closest to the target structure \[PDB:2Z59\], iii) rank of the cluster with the best structure (closest to reference \[PDB:2Z59\]) based on the HADDOCK score, and iv) number of structures in the cluster closest to \[PDB:2Z59\] (if HADDOCK scores are within the standard deviations).

###### 

Statistics of docking calculations

  **Docking statistics of Rpn13-Ubiquitin**                                              
  ------------------------------------------- --------- ------- ------- -------- ------- -----------
  Random excl.                                 yes, 50    no      no     yes,50    no     yes, 87.5
  No. of clusters                                 4        9       7       9        2        25
  Best cluster ^c^                                1        1       2       4        1         5
  No. of structures                              333      141     79       11      258       13
  iRMSD to 2Z59 ^d^                             11.24    2.85    11.51    6.70    10.13     7.99
  lRMSD to 2Z59 ^e^                             21.19    7.76    19.97   13.52    19.11     16.63
  fnat ^f^                                      0.044    0.124   0.012   0.018    0.053     0.003
  HADDOCK score ^g^                             -78.6    -65.8   -77.5   -72.0    -71.2     -75.4
  **Best cluster to 2Z59**^h^                   3(2)     1(1)    4(2)     3(2)    2(2)      9(4)
  No. of structures                              45       141     95      116      141       14
  Best iRMSD to 2Z59 ^i^                        2.77     2.71    2.66     2.86    1.80      5.00
  Average iRMSD to 2Z59                         3.79     2.85    3.06     3.23    3.41      5.08
  Best lRMSD to 2Z59                            6.56     6.42    6.67     7.85    7.99      9.65
  Average lRMSD to 2Z59                         8.60     7.76    7.07     8.63    9.71      11.12
  Best fnat                                     0.276    0.155   0.147   0.232    0.351     0.008
  Average fnat                                  0.153    0.124   0.090   0.182    0.237     0.003
  HADDOCK score                                 -52.8    -65.8   -60.4   -63.2    -58.3     -40.6

^a^: BL is a baseline run, where all contacts from the reference structure 2Z59 were included as active residues.

^b^: LP(all) is similar to the LP/MS run, but not using CPORT prediction for ubiquitin, but instead all 76 ubiquitin residues as passive residues.

^c^: The cluster with the lowest average HADDOCK score. The number refers to the rank in cluster size.

^d^: iRMSD is the interface RMSD (within 10 Å of the interface), between the average structure in the cluster and the lowest energy structure of the reference \[PDB:2Z59\].

^e^: lRMSD is the ligand RMSD (the average structure and lowest energy structure of the reference ensemble \[PDB:2Z59\] are fitted on the backbone atoms of the larger protein, Rpn13, and the RMSD is calculated for the smaller, ubiquitin), between the average structure in the cluster and the reference \[PDB:2Z59\].

^f^: The fraction of native contacts is calculated by counting all contacts (residue-wise) between Rpn13 and ubiquitin in the reference structure and comparing how many are retrieved for the average structure in each cluster.

^g^: The average HADDOCK score of the four lowest energy structures in the cluster (in kcal/mol).

^h^: Deemed by the lowest iRMSD compared with \[PDB:2Z59\] of the four lowest energy structures in the cluster. The first number is the rank in HADDOCK score, and the second number in parentheses is the rank in cluster size.

^i^: The "Best" values are the comparison between the one best structure in each cluster and the reference, whereas the "Average" values are averaged over the ten lowest energy structures of each cluster.

In all four categories, the MTMDAT-HADDOCK method performed better than the CSP and CPORT approach. CPORT performed worse, since it has to sample many possible patches on the entire surface of the protein. The user, who has in applied cases no knowledge about the right target structure, would have chosen the right cluster in the LP/MS method, since the largest cluster with the best HADDOCK score contains structures closer than 3 Å to the target structure. For the experimental CSP data two different runs were performed, with and without random removal of AIRs. For both runs, the correct structure was generated, but with an RMSD slightly worse than the LP/MS run (Table [3](#T3){ref-type="table"}). More importantly, in both runs, the correct structure was not ranked as the top cluster, and the top cluster corresponds to a structure that has a large backbone RMSD to the target structure. From Figure [2](#F2){ref-type="fig"}, where the lowest energy structure of the top ranked clusters is superimposed on the target structure, it becomes apparent that, if the top HADDOCK cluster would have been selected, a structure close to the target structure would have been only obtained with the LP/MS method. Clearly, CSP without random removal of AIRs performs worst (backbone RMSD of 10.13 Å), followed by CPORT (7.99 Å), and CSP with 50% random removal of AIRs (6.70 Å). The LP/MS method comes closest with a backbone RMSD of 2.85 Å. CSP-50 has the same set up as the filter docking run applied to the LP/MS data. Here, the false positive R104 would not have been filtered out, since the cluster with the best HADDOCK score is with 6.70 Å far away from the target structure, and the cluster closest to the target is ranked only third in HADDOCK score and second in cluster size (Table [3](#T3){ref-type="table"}).

![**Best structures of the docked Rpn13-ubiquitin complex structures compared with the high resolution structure.** The best structures, concerning their RMSD at the interface compared with \[PDB:2Z59\] of all methods are overlayed onto \[PDB:2Z59\] (dark blue). Structures based on limited proteolysis are colored in light blue, based on chemical shift perturbations in green (CSP-50) and yellow (CSP-0), and based on CPORT predictions are colored in red. **(A)** Comparison of LP/MS and with \[PDB:2Z59\] (2.85 Å to target). **(B)** Comparison of CSP-50 with \[PDB:2Z59\] (6.70 Å to target). **(C)** Comparison of CSP-0 with \[PDB:2Z59\] (10.13 Å to target). **(D)** Comparison of CPORT with \[PDB:2Z59\] (7.99 Å to target). This figure was generated with PyMOL \[[@B32]\].](1472-6807-12-29-2){#F2}

The Rpn13-Ub complex is a difficult docking case, in the sense that HADDOCK has difficulties in reproducing the experimental structure of the complex. As a positive control, the true interface (i.e. all interface residues from \[PDB:2Z59\], Table [1](#T1){ref-type="table"}) was selected as active residues. However, even for this baseline run with perfect interface data (Table [3](#T3){ref-type="table"}, BL), only the third-ranked HADDOCK cluster corresponds to \[PDB:2Z59\] (Table [3](#T3){ref-type="table"}, BL run). Moreover, random removal of residues was necessary to get even this result: an alternative baseline run without random removal failed (results not shown). Also, the baseline run structures were no more accurate than the LP structures (best iRMSD of around 2.7 Å). Moreover, we repeated both runs without using passive residues that only the true interface is used in docking calculations (data not shown). The run with random removal showed similar results, but with worse iRMSD (average: 3.84 Å, best: 3.24 Å). The run, where no active residues were removed slightly improved. A second cluster (second-ranked in HADDOCK score) with an average iRMSD to 2Z59 of 4.0 Å (best: 3.81 Å) appeared. Still, this is a worse performance than the LP run.

Finally, we tested the dependency of the LP method on CPORT in the case of Rpn13-Ub. CPORT is a consensus of six interface predictors, and it deliberately overpredicts the interface, allowing HADDOCK to sample a large region of the surface \[[@B31]\]. Two additional controls were carried out, both using the LP/MS active residues on Rpn13, but with various passive residues on the ubiquitin side. First, instead of selecting only the CPORT predictions as passive residues on ubiquitin, the entire ubiquitin protein was made passive. This allows any location of ubiquitin to take part in the interaction in order to satisfy the experimental restraints, instead of just the residues predicted by CPORT. Table [3](#T3){ref-type="table"} (LP(all)) shows that removing thus the dependency on CPORT still gives acceptable results, but only as the fourth-best cluster instead of the top cluster as in the LP/MS run. Secondly, a control was performed where CPORT predictions were restricted to a conservative subset, taking only residues predicted by three interface predictors. This control run performed again worse than the LP/MS run, with the correct cluster now ranked as second (results not shown).

Discussion
==========

We have shown here that limited proteolysis/mass spectrometry (LP/MS) data, used with our MTMDAT-HADDOCK pipeline, is a valuable alternative to chemical shift perturbations (CSP) in the study of protein complexes. For the studied Rpn13-ubiquitin complex, LP/MS actually outperformed CSP, although both methods are likely to have similar outcomes on a larger set of model systems or even with the advantage on the CSP side. They also have similar properties concerning the nature of the obtained restraints, being not absolute distance restraints, but identifying only patches on the protein surface that are likely to be involved in intermolecular contacts. However, LP/MS is a superior method regarding the amount of time and sample used to acquire the data. High-resolution NOE-driven NMR-based structure calculations are time consuming and expensive in terms of preparation of isotopically labeled proteins, data recording and analysis, and furthermore require significant expertise. Backbone CSP data from NMR titration experiments, which are often used by structural biologists to alleviate the need for excessive structural analysis but which are sensitive to structural rearrangements, have the disadvantage of requiring a relatively stable and highly concentrated sample for backbone assignments, which are necessary even if crystal structures of the complex components are available. Approaches based on amino-acid selective labeling have been reported that do not require assignment \[[@B34]\], but these require rather expensive labeling of samples. In contrast, altogether 20 *μ*l of sample volume of both proteins with a concentration of 0.155 mM was needed for all LP/MS experiments performed in this study. The optimization and the actual time-course limited proteolysis/mass spectrometry experiments in triplicates can be performed within one working day, where the optimization should be limited to one range-finding experiment, where different protein:protease ratios are tested and in samples digested for 30 minutes. The choice of the best ratio is based on the presence of cleavage products. The full length protein should be present as well as shorter fragments. The subsequent time course experiments will then cover the full spectrum of fragment lengths from full length to shortest fragments. Peak assignment and data evaluation can be done within an additional day, whereas the time for the docking calculations varies and depends on the usage frequency of the HADDOCK web server. Usually, the docking is finished overnight, but can be as fast as one hour. If the user is registered at the eNMR platform for structural biology \[[@B35]\], the calculations can be even faster, despite the high number of structures needed in each iteration of this docking protocol. Thus, it is theoretically possible to get a structural model within four days with a backbone RMSD at the interface within ≈ 3 Å of the target structure.

A weakness of the LP/MS method is that it is limited by the proteases' set of digested residues, whereas CSP is able to sample the entire residue space. Hence, there are probably many cases, where CSP would perform better than LP, but is more difficult to come by. However, this problem can be minimized by using different proteases. If only trypsin is used (lysines and arginines are the cleavage sites of trypsin), a maximum sequence coverage of around 12% can be achieved theoretically for an average protein \[[@B36]\]. If chymotrypsin (cleavage sites: tyrosine, tryptophan, phenylalanine, leucine, methionine) and V8 (Glu-C protease, cleavage sites: aspartatic acids, glutamic acids) are used additionally, the sequence coverage increases in average to 41%. This results in a high chance that at least one of these residues is part of the protein-protein binding interface and that it will be detected as an active residue. However, the smaller the interface, the higher the risk that no cleavage sites are present. In that case this method cannot be employed. This cannot be predicted but will be quickly detected by a lack of difference between the cleavage pattern of free and complexed components. Also, the user runs into risks of overinterpretation of results if only one or two active residues have been identified, which would be even worse if they are on different sites of the protein. In this case, further optimization is needed or another method needs to be employed. For example, in a recent study of an E2:E3 interface, limited proteolysis was employed to detect the binding interface on the E3 ligase site of TRIM21 \[[@B37]\]. Limited proteolysis managed only to detect one lysine to be involved in binding, altough other possible cleavage sites were present. This was largely due to the fact that binding affinity was observed to be very low in the high micromolar range. Thus, a difference between cleavage in the free and bound form is hard to discern. Although the Rpn13-ubiquitin complex presented a possible difficulty when it comes to proteolytic cleavage since ubiquitin was not cleaved by any of the proteases employed, we showed that LP/MS also works in this (rare) case of one protein being unsusceptible to proteolytic cleavage since this data can easily be complemented by predictions or data from other sources. In this study, interface predictions from CPORT were used successfully to complement the missing cleavage data. However, for Rpn13-ubiquitin, acceptable results could also be obtained by simply defining the entire missing protein (ubiquitin) as passive. Both of these runs also strongly outperformed docking based on CPORT predictions alone, showing that the experimental LP/MS data successfully drives the docking.

The detection of false positives is inherent to both the LP/MS and the CSP methods. A ligand binding event is often accompanied by allosteric effects such as conformational changes of the protein backbone at locations remote from the binding interface, which will be detected as chemical shift perturbations. This can also lead to a change in stability towards proteolytic cleavage, which will then be detected by the LP/MS method. However, the docking protocol developed here, with its filtering stage, appears to be robust against the detection of false positives. Interestingly, the positive control run (BL) and the CSP runs, where both input active residues are covering the reference more completely than the LP run perform worse in this case. We can only speculate that the interface of the case used here is difficult to dock, due to lack of secondary structure elements and involvement of mainly loops in the interface. Clearly, the user has to be careful while employing this method and do not trust results lightly if there are only few active residues identified. Although HADDOCK has been benchmarked and has been used to solve many important complex structures, it still relies on good input data and the usage of only one active residue will ultimately lead to failure of finding a trustworthy solution \[[@B20],[@B38],[@B39]\]. Also, although conformational change can give rise to false positives, it cannot be detected by this method in structural detail. Nevertheless, the tool presented here is very useful to the field of structural biology, since it combines limited proteolysis, mass spectrometry, and data-driven docking in a streamlined and unique way, and as shown, can produce structural models of reasonable quality.

The presented method should be especially well suited to samples resistant to crystallization and that interact in the intermediate exchange regime by NMR, such that NMR signals are broadened. Also, complexes with flexible regions are easily amenable for limited proteolysis. In this respect, intrinsically disordered proteins would be especially well-suited objects to study with MTMDAT. The interest in these unstructured proteins has increased due to their involvement in regulation and disease \[[@B40]\]. X-ray crystallography and small angle scattering fail here to contribute valuable structural information, since disordered proteins do not crystallize or do not form a stable measurable shape in solution. Despite recent advances in NMR spectroscopy and applications of the same on unstructured proteins \[[@B41]-[@B44]\], it is nevertheless a difficult undertaking to extract structural information from very often transient interactions within a disordered protein or a disordered protein and a binding partner. We speculate that MTMDAT can contribute to this field of structural biology by rapidly identifying regions of unstructured proteins that interact with their partners. However, the results will have to be interpreted with caution, since unstructured proteins are expected to undergo large conformational changes, leading to possible false-positive cleavage signals. In addition, obtaining reliable structural models of the complexes will most likely not be possible due to the large conformational changes involved.

In summary, these results show that MTMDAT-HADDOCK can be a tool to provide valuable structural insight in cases where classical NMR and X-ray crystallography are unfeasible, e.g. proteins that do not crystallize or have low solubility, or are too large for NMR spectroscopy. Also, protein production in large amounts and expensive labeling schemes can complicate or even prevent the structure determination. Despite recent advances in NMR methodology, protein-protein complex structure determination is usually not routinely done but needs manual inspection by experts. Therefore, in cases where high-throughput is desired, MTMDAT-HADDOCK can provide a solution, at the cost of atomic-level accuracy.

Conclusions
===========

In this article we have presented a new software tool, which evaluates limited proteolysis/mass spectrometry data quickly and extracts information regarding the residues involved in a particular protein-protein interaction. It provides directly the input file for data-driven docking on the HADDOCK web server to calculate a structural model of the complex. The MTMDAT-HADDOCK pipeline enables direct high-throughput modeling of protein complexes from mass spectrometry data, by providing an easy interface to obtain structural restraints for protein complex structure calculations. The usefulness of this approach has been validated successfully on the Rpn13-ubiquitin protein complex. Our results indicate that this approach is competitive, when compared to a similar approach using NMR-based chemical shift perturbation data alone. The level of expertise required to conduct the necessary experiments is however much lower than for NMR and sample requirements are much easier to fulfill. However, it should be viewed as an alternative approach, if sample requirements for NMR or crystallization cannot be fulfilled. As for structural models based on chemical shift perturbations, site-directed mutagenesis should be used to validate the model derived from our method.

Methods
=======

Limited proteolysis, mass spectrometry, and data analysis
---------------------------------------------------------

Both proteins, ubiquitin and Rpn13 were purified and stored in 20 mM NaPO~4~, 50 mM NaCl, 5 mM DTT, pH 6.5. Prior to proteolytic cleavage, they were diluted 1:10 resulting in a final concentration of 15.5 *μ*M. The optimal protease concentration for trypsin and V8 were determined in range-finding experiments \[[@B11]\]. For both enzymes, a protein:protease ratio of 50:1 was used. All proteolysis experiments were done in triplicates. In the time-course experiments (time points: 0, 1, 2, 5, 10, 20, 50, 100, 200 minutes) the reactions were stopped by adding 0.1% trifluoroacetic acid/50 % acetonitrile. A sample of each time point was mixed with *α*-cyanocinnamic acid matrix solution with a 1:1 ratio directly on the sample plate. Data acquisition was carried out as described previously \[[@B16]\]. The raw data was uploaded and evaluated as described (see above and \[[@B18]\]).

Work flow
---------

Rpn13 and ubiquitin were digested separately as well as in complex with a set of specific proteases as described above. In a stable protein complex, the proteolytic accessibility of cleavage sites in the interaction surface will be decreased, which is used to map the interacting residues. The use of several proteases results in higher sequence coverage and more accurate identification of the binding interface. If the proteins are large and there are many ambiguously assigned peaks it is helpful to digest the complex twice with different stoichiometries of the proteins involved. In this way, mass spectrometry peaks of the protein with the lower molar concentration can be suppressed. Mass spectra are evaluated with MTMDAT \[[@B18]\] to assign peaks and to generate 3D plot files, which consist of the relative cleavage propensity \[[@B16]\] at all cleaved sites and time points (file extension .csgnu). Data of the protein complex needs to be evaluated twice, once for each protein. By clicking a newly introduced button, called "H-DOCK" the user is prompted to upload the 3D plot files (.csgnu) of each protein and of both proteins in complex (altogether four files), and the PDB atom coordinates files of both proteins. A "docking preparation window" appears and MTMDAT displays the generation of ambiguous interaction restraints by comparing the relative cleavage propensities of the monomer with the complex. The user can provide MTMDAT with a threshold for picking interaction restraints to prevent overestimation of differences in relative cleavage propensities, which would result in false positives. This can be done iteratively in order to determine the best threshold. By clicking on the "H-DOCK" button in the docking preparation window, MTMDAT will write two files containing a list of ambiguous interaction restraints (AIRs) of both proteins and a HADDOCK (AIR) file (.tbl) for locally installed HADDOCK versions. Moreover, a HADDOCK parameter file is written, which includes all necessary parameters and data to perform the docking using the HADDOCK web server interface at <http://haddock.science.uu.nl/services/HADDOCK>. Furthermore, if data shows that residues are identified as being protected from proteolytic cleavage upon complex formation on more than one region, the program PATCHUP has been developed and included in the package, which identifies patches in an unbiased way. PATCHUP does a k-means clustering of the atom point cloud, then assigns each residue to the patch where most of its atoms are. It requires Biopython and Scipy. After patching, filter docking runs are performed by HADDOCK (one for each patch, with 50% random exclusion of active residues) to see which patch gives the best HADDOCK scores and clustering, before a final docking run is conducted, using active residues of the best interface patch with no random exclusion of active residues, and passive residues in immediate vicinity of active residues are also used as active residues. The cluster with best HADDOCK score should yield desired complex structures.

Requirements and Improvements
-----------------------------

MTMDAT comes as a software written in Java, relying on jre1.6.0 or later. The MTMDAT-HADDOCK pipeline was developed using the Spyder framework (<http://www.spyderware.nl>), which requires Python 2.6 or later. MTMDAT will work well on Unix and Windows operating systems provided you fulfil the requirements above. During the peak assignment a newly implemented undo-function increases the usability, since the misassignment or mistaken removal of peaks can be undone.

Docking
-------

MTMDAT-HADDOCK produced automatically the single input file for docking calculations on the HADDOCK web-server "file upload" interface (<http://haddock.science.uu.nl/services/HADDOCK>). As input structures for Rpn13 and ubiquitin, 2R2Y.pdb \[[@B25]\] and 1UBQ.pdb \[[@B45]\] were used, respectively. The interacting residues of ubiquitin identified by CPORT were used only as passive residues. In the CPORT control run, the AIRs were used as active. Passvie residues were identified automatically by HADDOCK. In the first run (filter), the default settings were used \[[@B21]\], except, that the number of structures calculated were increased from 1000 to 4000, 200 to 400, and 200 to 400, for the rigid body docking, semi-flexible simulated annealing, and water refinement, respectively, and all 400 structures were included into the analysis. These changes were used for all docking runs including the controls, where random exclusion of active residues was turned on. The resulting 400 structures in all runs were clustered using a cut-off of 7.5 Å, and a minimum cluster size of 4. The four lowest energy structures of each cluster were analyzed and fitted onto the reference complex \[PDB:2Z59\] using interface backbone atoms of residues within 10 Å from the binding interface using ProFit (<http://www.bioinf.org.uk/software/profit/>) for the iRMSD. For the lRMSD, the backbone atoms of the larger component of the complex were fitted on the reference, and the RMSD was calculated for the other component. The fraction of native contacts (fnat) was calculated by counting all contacts between the two proteins in the docked complex and dividing them by the number of all contacts in the reference structure (residue-wise). As a reference for RMSD calculations, the lowest energy structure of the ensemble in 2Z59.pdb has been used.
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